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Dark Energy

Part I: “Direct Detection of Dark Energy”

Part II: (early and late) consistency tests of ΛCDM and what they
might teach us about (early and late) dark energy

Part III: new ways to search for dark energy and new light particles
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Understanding dark energy’s properties

Lots of focus on understanding gravitational signatures of dark energy,
and in particular constraining its equation of state w
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Are gravitational signatures all there is?

Credits: (adapted from) Matt Buckley

What about dark energy?
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Direct detection of dark energy

Can we detect dark energy in underground labs nominally devoted to the
direct detection of dark matter?

Luca Visinelli (INFN Frascati) Phil Brax (IPhT, Saclay) Anne Davis (Cambridge) Jeremy Sakstein (Hawaii)
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Can dark energy and visible matter talk to each other?

If DE due to a new particle, this typically will:

be very light [m ∼ H0 ∼ O(10−33) eV]

have gravitational-strength coupling to matter (inevitable unless
protected by a symmetry!)

Result/immediate obstacle: long-range fifth forces!

F5 = − 1

M2
5

m1m2

r2
e−r/λ5 , M5 ∼ MPl , λ5 ∼ m−1 ∼ H−1

0
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Screening

How to satisfy fifth-force tests?

Tune the coupling to be extremely weak [M � MPl]

Tune the range to be extremely short [λ� O(mm)]

Tune the dynamics so the force weakens based on its environment
−→ screening!

(At least) 3 ways to screen

F5 = − 1

M2
5 (x)

m1m2

r2−n(x)
e−r/λ5(x)

λ5(x)→ chameleon screening (short range in dense environments)

M5(x)→ symmetron screening (weak coupling in dense environments)

n(x)→ Vainshtein (force drops faster than 1/r2 around objects)
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Chameleon screening

Fifth force range λ(x) becomes short in dense environments, scalar field
minimizes effective potential determined by coupling to matter

Veff = V (φ) + φρm/M

m2
eff =

d2Veff

dφ2
|φ=φmin

∝ ρn , n > 0

λ ∼ 1/meff ∝ ρ−n/2

Credits: Ben Elder
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Direct detection of dark energy

Production

Lφγ ⊃ −βγ
φ

MPl
FµνF

µν︸ ︷︷ ︸
(anomalous)

+
Tµν
γ ∂µφ∂νφ

M4
γ︸ ︷︷ ︸

disformal

Production in strong magnetic fields
of the tachocline

Detection

Lφi ⊃ βi
φTi

MPl︸ ︷︷ ︸
conformal

− ci
∂µφ∂µφ

M4
Ti︸ ︷︷ ︸

kinetic-conformal

+
Tµν
i ∂µφ∂νφ

M4
i︸ ︷︷ ︸

disformal

Analogous to photoelectric and
axioelectric effects
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Direct detection of (chameleon-screened) dark energy

Best-fit DE-electron interaction cross-section σ ∼ O(b) ∼ O(10−25) cm2

SV et al., arXiv:2103.15834 Image editing credits: Cristina Ghirardini
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Cosmological direct detection of dark energy

Wouldn’t barn-scale DE scattering mess up all cosmological observables?

Surprisingly not!

Luca Visinelli (INFN Frascati) Olga Mena (Valencia) David Mota (Oslo)
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Cosmological direct detection of dark energy

θ̇b = −Hθb + c2
s k

2δb +
4ργ

3ρb
aneσT (θγ − θb)+(1 + wx )

ρx

ρb
aneσxb(θx − θb)

θ̇x = −H(1− 3c2
s )θx +

c2
s k

2

1 + wx
δx + aneσxb(θb − θx )

Impact on CMB (α = σxb/σT )
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Cosmological direct detection of dark energy

θ̇b = −Hθb + c2
s k

2δb +
4ργ

3ρb
aneσT (θγ − θb)+(1 + wx )

ρx

ρb
aneσxb(θx − θb)

θ̇x = −H(1− 3c2
s )θx +

c2
s k

2

1 + wx
δx + aneσxb(θb − θx )

Impact on linear matter power spectrum (α = σxb/σT )
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Cosmological direct detection of dark energy: N-body
simulations

Impact on non-linear matter power spectrum

Preliminary

Ferlito, SV, Baldi, Mota, in preparation

Preliminary

Ferlito, SV, Baldi, Mota, in preparation

Fulvio Ferlito (Bologna) Marco Baldi (Bologna) David Mota (Oslo)
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Ferlito, SV, Baldi, Mota, in preparation

Fulvio Ferlito (Bologna) Marco Baldi (Bologna) David Mota (Oslo)
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Recap

Direct detection of dark energy

Lots of unharvested potential for direct detection of dark energy in
dark matter direct detection experiments

Room for large dark energy-baryons interactions in cosmology...

...possibly tightly constrained by (non-linear) LSS clustering!

Where else might we learn something about dark
energy (at early and late times)?

Perhaps from the Hubble tension!
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Viewing the Hubble tension ocean with different eyeglasses

Credits: Riess, Nat. Rev. Phys. 2 (2020) 10

Why does ΛCDM fit data so well? Do we really need new physics? If so,
at what time(s), and with what ingredients?

Early times:
early ISW

effect
⇐⇒

Consistency
tests of
ΛCDM

⇐⇒
Late times:
ages of old

objects
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The Hubble tension and new physics

Hubble tension appears to call for (substantial) early-time new physics...

Increasing H(z) just prior to z?:
“least unlikely” proposal?

Credits: Knox & Millea, PRD 101 (2020) 043533

Example: early dark energy (some
debate as to how much it works)

Need ≈ 12% (!!!) EDE around zeq

ww�

Why is there no clear sign of new
physics in CMB data alone?
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Early-time consistency tests of ΛCDM

Why is there no clear sign of early-time
new physics in CMB data alone?

y

Why does ΛCDM fit CMB data so well?
y

(Early-time) Consistency tests of ΛCDM
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The early ISW (eISW) effect

Around recombination: Universe not fully matter dominated =⇒ residual
decay of gravitational potentials =⇒ eISW effect sources anisotropies

Θ =

∫ η0

0

dη


∝ g(Θ0 + Ψ)︸ ︷︷ ︸

Sachs-Wolfe

+∝ gvb
d

dη︸ ︷︷ ︸
Doppler

+∝ e−τ (Ψ̇− Φ̇)︸ ︷︷ ︸
ISW

+∝ (gΠ + ¨[gΠ])︸ ︷︷ ︸
Polarization


 j`(k∆η)

ΘISW
` (k) =

∫ ηm

0

dη e−τ
(

Ψ̇− Φ̇
)
j`(k∆η)

︸ ︷︷ ︸
early ISW

+

∫ η0

ηm

dη e−τ
(

Ψ̇− Φ̇
)
j`(k∆η)

︸ ︷︷ ︸
late ISW

(A substantial amount of) New physics increasing H(z) around zeq/z?
should leave an imprint on the eISW effect!

21 / 42



eISW consistency test

Introduce scaling amplitude/fudge factor AeISW SV, arXiv:2105.10425

ΘeISW
` (k) = AeISW

∫ ηm

0
dη e−τ

(
Ψ̇− Φ̇

)
j`(k∆η)

Consistency check: within ΛCDM, is the data
consistent with AeISW = 1?

Looks familiar? It should remind you of Alens Calabrese et al., PRD 77 (2008) 123531

Cφφ` → AlensC
φφ
`

22 / 42



eISW consistency test
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Related works: Hou et al., PRD 87 (2013) 083008; Cabass et al., PRD 92 (2015) 063534; Kable et al., ApJ 905 (2020) 164
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eISW consistency test

Is the data consistent with AeISW = 1? (7-parameter ΛCDM+AeISW)
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SV, arXiv:2105.10425

Other parameter constraints very
stable, no more than ≈ 0.3σ shifts
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Implications for early-time new physics: EDE case study

High H0 EDE fit to CMB at the cost of increase in ωc → worsens tension
with WL/LSS data? Hill et al., PRD 102 (2020) 043507; Ivanov et al., PRD 102 (2020) 103502; D’Amico et al.,

JCAP 2105 (2021) 072; see partial rebuttals in: Murgia et al., PRD 103 (2021) 063502; Smith et al., arXiv:2009.10740
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Implications for early-time new physics: EDE case study

Let’s extract only the eISW contribution to temperature anisotropies...

Low ωc
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Almost 20% eISW excess!

High ωc

50 100 300

`

0

100

200

300

400

500

T
2 C
M

B
×D

T
T
,e

IS
W

`
[µ

K
2

]

ΛCDM eISW
EDE eISW (high ωc )

50 100 300

`

-0.1

0.0

0.1

∆
D

T
T
,e

IS
W

`
/D

T
T
,e

IS
W

`
EDE eISW (high ωc )

No more than . 3-5% eISW excess

Generic to models increasing pre-recombination H(z), not just EDE
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Early dark energy problems

Example: neutrino mass (nominally need Mν ∼ 0.3 eV to rescue EDE!)

Preliminary

Reeves, SV, Efstathiou, Sherwin, in preparation. Plot credits: Alex Reeves

Other possible ingredients: decaying DM, DM-dark radiation interactions
(work in progress)

Alex Reeves (Cambridge → ETH) George Efstathiou (Cambridge) Blake Sherwin (Cambridge)
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Early dark energy problems

Massive neutrinos actually
turn out not to work:

Increase in S8 (actually
worsens S8 discrepancy)

Mν negatively correlated
with H0 for CMB

Need Mν ∼ 0.3 eV, very
hard to accommodate in
LSS data

66 68 70 72

H0

ΛCDM (Planck+LSS)
EDE (Planck+LSS)
EDE+Mν (Planck+LSS)

Preliminary

Reeves, SV, Efstathiou, Sherwin, in preparation. Plot credits: Alex Reeves

Alex Reeves (Cambridge → ETH) George Efstathiou (Cambridge) Blake Sherwin (Cambridge)
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Aside: S8 discrepancy – something to get excited about?

Always important to look at
tensions/discrepancies with a
different set of eyeglasses

From the growth rate (f σ8)
point of view, S8 discrepancy
perfectly compatible with a
statistical fluctuation!

Rafael Nunes (INPE, Brazil)
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Late-time consistency tests of ΛCDM

Is ΛCDM really all there is at late times?
y

(Try to) Test ΛCDM making no
assumptions about early-time physics

y

Learn something about H0 in the process?
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Old astrophysical objects at high redshift

Historically (1960s-1998) high-z OAO provided the first hints for the
existence of dark energy (Ω 6= 1, ΩΛ > 0)

What can OAO do for cosmology in the 2020s?
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Cosmology with old astrophysical objects

Can the ages of the oldest inhabitants of the Universe teach us something
about the Universe’s contents (including DE) and the Hubble tension?

Fabio Pacucci (Harvard) Avi Loeb (Harvard)

Yes, while probing a region where ΛCDM may still break (1� z . 10)!
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Cosmology with old astrophysical objects

tU(z) =

∫ ∞

z

dz ′

(1 + z ′)H(z ′)
∝ 1

H0

Pros and cons:

OAO cannot be older than the Universe → upper limit on H0

tU(z) integral insensitive to early-time cosmology

=⇒ late-time consistency test for ΛCDM independent of the
early-time expansion!

Ages of astrophysical objects at z > 0 hard to estimate robustly

Usefulness in relation to the Hubble tension:

Contradiction between OAO upper limit on H0 and local H0

measurements could indicate the need for non-standard late-time
(z . 10) physics, or non-standard local physics

Conclusions completely independent of pre-recombination physics
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OAO age-redshift diagram

Age-redshift diagram up to z ∼ 8
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Galaxy ages estimated (mostly by CANDELS team) via SED fitting, QSOs
ages via growth model Pacucci et al., ApJ Lett. 850 (2017) L42
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Results

Assume ΛCDM at late times, constrain H0, Ωm, and incubation time τin

Prior for τin following Jiménez et al., JCAP 1903 (2019) 043; Valcin et al., JCAP 2012 (2020) 022
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H0 < 73.2 (95% C.L.)

≈ 2σ tension with
Cepheid-calibrated SNeIa
H0 measurement

Tighter (but less robust)
results using non-flat
prior on Ωm

(in principle can also
constrain w , ΩK ,...)
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Implications for the Hubble tension

CAVEAT – if the OAO ages are reliable, possible explanations include:

#1: ΛCDM is not the end of the story at z . 10

#2: Nothing wrong with ΛCDM at z . 10, need local new physics...
Examples: screened 5th forces (Desmond et al., PRD 100 (2019) 043537; Desmond & Sakstein, PRD 102 (2020)

023007), breakdown of FLRW (Krishnan et al., arXiv:2105.09790; arXiv:2106.02532),++

#3: Just a boring 2σ fluke or systematics?

If #1, maybe the answer to the Hubble tension is a combination of
(mostly) pre-plus-post-recombination new physics?
If #2, maybe the Hubble tension is not cosmological, but non-local vs
local discrepancy? See hints for this in Lin, Chen & Mack, arXiv:2102.05701

Several other hints that pre-recombination new physics alone not enough
to solve Hubble tension Krishnan et al., PRD 102 (2020) 103525; Jedamzik et al., Commun. Phys. 4 (2021)

123; Lin et al., arXiv:2102.05701; Dainotti et al., ApJ 912 (2021) 150
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Recap

Consistency tests of ΛCDM

Early times: no signs of new physics in early ISW effect → AeISW ≈ 1
sets important challenge for early-time new physics (EDE case study)

Late times: slight discrepancy between ages of oldest astrophysical
objects (upper limit on H0) and local H0 measurements

Early-time new physics alone not enough for the Hubble tension?

Other ways to learn about dark energy or more
generically new light particles?
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Fundamental physics from black hole shadows

Credits: Event Horizon Telescope collaboration
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New light particles and (time-evolving) black hole shadows

Superradiance: light boson cloud growth with GmMBH ∼ rBH/λc ∼ O(1)
at the expense of BH mass/angular momentum

Preliminary

Roy, SV, Visinelli, in preparation

Consistent modelling in the presence of
gas accretion and GW emission

Change in shadow size ∼ O(1)µas
potentially observable on human
timescales [O(10) yr]

Rittick Roy

(Fudan)

Luca Visinelli

(INFN Frascati)
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Black hole shadows as standard rulers?
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Problems:

Reliably determining M

Model-dependence (beyond GR)

Understand high-z SMBHs well?

Cosimo Bambi (Fudan) Luca Visinelli (INFN Frascati) 40 / 42



Precession of celestial objects and new light particles

Precession from new light (gauged) mediators-induced fifth force
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Preliminary

Tsai, SV, Visinelli, Wu, in preparation

Celestial objects: asteroids,
exoplanets, TNOs

Competitive with torsion
balance tests

Yu-Dai Tsai (Fermilab/KICP, Chicago) Luca Visinelli (INFN Frascati) Youjia Wu (Michigan)
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Conclusions

Direct detection of dark energy: huge unharvested potential and
complementarity beyond laboratory searches and cosmological probes

(Early- and late-time) Consistency tests of ΛCDM: early-time new
physics alone most likely not enough to solve the Hubble tension

Promising to probe new light particles (and dark energy?) with black
hole shadows and precessions of celestial objects

Much to be learned about dark energy beyond “standard”
cosmological searches for its gravitational interactions
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